ABSTRACT Small hepatocytes have hepatocyte-like characteristics and high proliferation activity. Most small hepatocyte studies report on in vitro rat or human hepatocytes. Only a few studies of small hepatocytes after bile duct ligation have been reported, and none of these have focused on these cells in birds. In this study, small hepatocytes appearing in bile duct ligation chicken liver were examined using the morphological method with histological, immunohistochemical, and ultrastructural studies. Nine Boris Brown hens (over 744-d old) were used. In all chickens, both the common hepatoenteric duct and hepatocystic duct were ligated, and the livers were examined 1, 4, 6, 9, and 13 weeks after bile duct ligation. Histologically, the small cells were half the size of normal liver cells, and mitotic figures were often observed. The nuclei showed two forms: large and small. Many small cells were negative for periodic acid-Schiff stain, but positive cells were rarely observed. The cells existed in colonies on the side of the sinusoid of the hepatic lamina. Immunohistochemically, the small cells with large nuclei were strongly positive for CD44, albumin and proliferation cell nuclear antigen, and the cells with small nuclei were weakly positive. In the CD44-positive cell colony, negative cells were often observed to have mature hepatocyte-like morphology. Moreover, many of the cells were PAN cytokeratin negative. Ultrastructurally, the small cells had more nuclei with rich heterochromatin, poor cytoplasmic organelles, and narrow cytoplasm with a high electron density than mature hepatocytes. Moreover, cells having a middle ultrastructural characteristic existed between the small cells and mature hepatocytes. The small hepatocellular colony of the chicken appeared as a regeneration-related change in the liver after bile duct ligation. The cell had high cell proliferation activity and morphological, immunohistochemical, and ultrastructural characteristics similar to those of the mammalian small hepatocyte, as well as a similar progenitor cell.
INTRODUCTION
The liver has a high regenerative capacity and can reproduce by hepatocellular increase and enlargement. When hepatocyte reproduction is prevented by chronic or severe disease, multiplication and differentiation of the liver stem cells and progenitor cells regenerate the liver (Desmet, 2011; Boulter et al., 2012) . Oval cells and small hepatocytes are the progenitor cells in the mature liver. Oval cells have characteristics of both hepatocyte and bile duct epithelial cells and may differentiate to either (Joan et al., 1991) . Small hepatocytes are about half the size of hepatocytes and express albumin as one of the hepatocyte markers. They are known to have hepatocyte-like functions and characteristics. Moreover, small hepatocytes have high proliferation activity and express CD44 as a specific marker in the liver (Ikeda et al., 2002; Kon et al., 2006 Most small hepatocyte studies are in vitro experiments relate to mammals, not birds. Bile duct ligation (BDL) in mammals is widely used as an animal model of liver diseases. The disease state of BDL is characterized by bile duct proliferation, inflammatory reaction, and fibrosis of the liver parenchyma (Yoshioka et al., 2005; Georgiev et al., 2008) . In addition, small hepatocytes with proliferation ability are observed in BDL rats after methylene diamiline treatment (Michalopoulos et al., 2005) . However, there has been no detailed examination of the regeneration of the liver after BDL alone. In this study, we performed BDL in chickens as an experimental animal model to express avian small hepatocytes and examined the morphological characteristics of the small hepatocytes that appeared in the liver histologically, immunohistochemically, and ultrastructurally.
MATERIALS AND METHODS

Animals and Treatments
Nine Boris Brown hens (over 744-d old) were used in this study. Both the common hepatoenteric duct 717 and hepatocystic duct were ligated in each bird under isoflurane inhalation anesthesia. After a right abdominal incision, the bile ducts were ligated proximal to the duodenum by 4-0 silk (Gottfried Vömel, Hessen, Germany), and the duodenum returned to the peritoneal cavity and an adequate amount of penicillin G potassium 1,000,000 units for injection (Meiji Seika Pharma Co., Ltd., Tokyo, Japan) was sprayed intraperitoneally. The incision was closed with 4-0 suprylon (Gottfried Vömel). At 1 (n = 2), 4 (n = 2), 6 (n = 2), 9 (n = 2), and 13 (n = 1) weeks after BDL, the chickens were anesthetized and killed by bleeding. Experimental procedures and the care of animals were performed in accordance with the requirements of the Institutional Animal Care Committee at Kitasato University.
Light Microscopy
Liver specimens were fixed in 10% neutral formalin, processed routinely for histology, and embedded in paraffin wax. Tissue sections 3 μm thick were cut and stained by standard methods with hematoxylin and eosin (HE). In addition, sections were stained by routine methods with silver impregnation (Watanabe's method for reticulum) and periodic acid-Schiff (PAS) stain to indicate glycogen granules.
Immunohistochemistry
For immunohistochemistry, a peroxidase-labeled antibody method was performed with anti-proliferation cell nuclear antigen (PCNA) monoclonal mouse serum (NB500-106, Novus Biologicals, CO; Prediluted) as the primary antibodies. For primary antibody, the peroxidase-conjugated secondary antibodies were used anti-mouse IgG (424131, Nichirei Bioscience Inc., Tokyo, Japan; Prediluted). The chromagen was 3, 3-diaminobenzidine (DAB; 415,172, Nichirei Bioscience Inc.). Immunohistochemical double labeling was performed with anti-CD44 polyclonal rabbit serum (bs-2507R, Bioss Inc., MA; 1:100) or antialbumin polyclonal sheep serum (NB120-8940, Novus biologicals; 1:10) and anti-PAN cytokeratin (CK) polyclonal rabbit serum (1387917A, Invitrogen Co., CA.; 1:100) as the primary antibodies, and anti-rabbit IgG (424,141, Nichirei Bioscience Inc.; Prediluted) and anti-sheep IgG (A130-101P, Bethyl Laboratories Inc., AL; 1:200) as the second antibody. The chromagens were DAB and 3-amino-9-ethylcarbazole (AEC; 415,182, Nichirei Bioscience Inc.). Sections were counterstained with Mayer's hematoxylin and mounted under coverslips.
Transmission Electron Microscopy
Tissues were fixed with 2.5% glutaraldehyde in 0.2 M phosphate buffer (pH 7.4) for 24 h at 4
• C, postfixed with 1% osmium tetroxide for 2 h at 4
• C, dehydrated, infiltrated with N-butyl glycidyl ether, and embedded in epoxy resin. The embedded specimens were sectioned and stained with toluidine blue for light microscopy. Ultrathin sections were cut on an Ultracut N (Reichert-Nissei, Wein, Austria), double stained with uranyl acetate and lead citrate, and observed by transmission electron microscopy (H-7650, Hitachi HighTechnologies Corp., Tokyo, Japan).
RESULTS
Light Microscopy
The small cells showed uniform acidophilic cytoplasm and are were half the size of normal liver cells. In addition, the nuclei were full of heterochromatin of uniformly weak concentration. There were two cell forms. Some cells had a small nucleus, about half the size of that found in normal hepatocytes, while others had a large nucleus, the same size as that found in normal hepatocytes, but retained the characteristics of small cells (A). PAS staining showed that the mature hepatocytes were positive for glycogen but the cytoplasm of the small cells was negative. However, small cells that had slightly PAS-positive microgranules in the border of the cluster in the hepatic laminae were rarely observed (B).
Infiltration of the inflammatory cell, mainly with heterophils, proliferation of the bile duct and liver fibrosis was found around the portal region as a postoperative change. The small cells were scattered around the portal region and liver parenchyma as colonies of several cells to dozens of cells (A to F). The small cells were recognized in the domain where normal hepatocytes remained, rather than where bile duct proliferation and fibrosis by BDL occurred. In addition, the small cells tended to exist adjacent to inflammatory cells, and mitotic figures were often recognized. The small cell and hepatic laminae were surrounded by reticular fibers, which composed the space of Disse, and a cluster of cells was found on the sinusoid side of the hepatic laminae (C).
Immunohistochemistry
Double immunohistochemical labeling gave positive results in the small cells with CD44 and albumin and negative for CK (E, F). Albumin was expressed strongly in the small cells than the mature hepatocytes. The proliferating bile ducts were positive for CK. PCNA was expressed in the small cells, but most of the hepatocytes and bile duct epithelial cells surrounding the small cells were negative (D). The small cells were classified roughly into two kinds; one had a small slim nucleus and another had a big round nucleus. For CD44, the small cells with small nuclei tended to be strongly positive, and the cells with big nuclei tended to be weakly positive. In addition, CD44-negative small cells with big round nuclei were also observed in the cluster of CD44-positive small cells (E).
Transmission Electron Microscopy
The mature hepatocytes had a variety of cell organelles, such as mitochondria, Golgi complex, roughsurfaced endoplasmic reticulum, smooth-surfaced endoplasmic reticulum, and abundant glycogen granules. The small cells were distinguished from the mature hepatocytes relatively easily by the nuclei full of heterochromatin and the cytoplasm having a high electron density. As for the organellar development, the small cells were poorer than the mature hepatocytes, and a few mitochondria, glycogen granules, and free ribosomes were observed. The small cells had distorted slim nuclei, the higher cytoplasmic electron density lacked cell organelles. Moreover, the small cells had round nuclei and a cytoplasmic electron density similar to that of the mature hepatocytes, which were also found. The mature hepatocyte-like small had cytomorphology between that of the small cells and the mature hepatocytes, and existed between the colonies of the small cells and the mature hepatocytes (G).
DISCUSSION
The chicken small hepatocyte has narrow cytoplasm, and the nuclei and cytoplasmic color are somewhat darker than those of hepatocytes. The ultrastructural characteristics of the small hepatocytes were nuclei full of heterochromatin and high electron density cytoplasm that lacked cell organelles. Thus, the small hepatocytes have the morphological and ultrastructural characteristics of mammalian small hepatocytes, and similar progenitor cells. The distinctive features of the ultrastructure of the progenitor cell are few organelles and narrow cytoplasm, as has been generally recognized. One study has reported that in the liver of the human fetus, the ultrastructures of the hematopoietic stem cell and blood corpuscle progenitor cells are narrow and high electron density cytoplasm, with a few organelles and chromatin condensation (Emura et al., 1983) . The in vitro ultrastructural characteristics of the small hepatocyte, which was separated and cultured from an adult rat in the presence of nicotinamide, were its size (smaller than hepatocytes) and its narrow cytoplasm with a few organelles (Mitaka et al., 1992) . It is stated that the small hepatocyte in the liver that is induced by D-galactosamine has high electron density nucleus and cytoplasm, and a high nucleus-cytoplasm ratio (Lemire et al., 1991) .
Immunohistochemically, the chicken small hepatocyte was positive for CD44 of the small hepatocytes marker and albumin as the hepatocytes marker, and PCNA indicating cell proliferation, and negative for CK of the bile duct epithelium cell marker. In addition, a mitosis figure was sometimes observed. Our results suggest that small hepatocytes have the hepatocellular immunohistochemistry characteristics and the high cell proliferation activity that resemble rat small hepatocytes. The rat small hepatocytes have not only properties similar to those of hepatocytes such as expression of albumin, but also high cell proliferation ability and expression of CD44, which is a small hepatocytes-specific marker (Kon et al., 2006) .
In this study, the small hepatocellular nucleus showed two forms: big and small. The small oval nuclei cells had low electron density cytoplasm and showed strong positive results for CD44. The cells with big nuclei had high electron density cytoplasm and were weakly positive for CD44, and the PAS-positive glycogen granules were rarely observed in the cytoplasm. Moreover, cells with big round nuclei that were CD44-negative were observed infrequently. Ultrastructurally, an intermediate cell, like a small hepatocyte with hepatocyte-like cytoplasmic electron density, exists between the small hepatocyte and hepatocyte. Thus, a difference in the differentiation degree of the small hepatocytes was indicated. The oval cells with small nuclei may be immature small hepatocytes, and the cells with big round nuclei may be mature small hepatocytes. That is, as the small hepatocyte matures, the expression of CD44 decreases, and the cytoplasmic electron density reduces. Finally, as for the mature small hepatocytes, the expression of CD44 disappears and morphological characteristics and properties become similar to those of hepatocytes. One study reported that the undifferentiated rat nerve trunk cell has narrow cytoplasm and high electron density nuclei and cytoplasm but the cell gets larger, increases the organelles and becomes the cytoplasm color bright as it matures (Kondoh et al., 1998) . The small hepatocytes differentiated from oval cells finally become mature hepatocyte-like cells (Ichinohe et al., 2012) . The CD44 expression of the cultured rat small hepatocyte is strong at the time growth is promoted, and becomes weaker and disappears as the cell matures (Kon et al., 2006) . CD44 is the adhesion molecules with the hyaluronic acid mainly, and cellular infiltration capacity are higher the CD44-positive neoplastic cell than the negative cell (Guo et al., 1994; Mathew et al., 1996) . Thus, the immature small hepatocytes, which have high infiltration and high hepatocyte functions, including albumin production, might assist normal hepatocytes while performing proliferation and infiltration.
Small hepatocytes tended to appear near inflammatory cells accompanying BDL and in the region where normal hepatocytes without bile duct proliferation remain. Thus, a relationship between the appearance of the small hepatocytes and the various factors that were produced by inflammatory cells and normal hepatocytes may be suggested. The study reported that the hepatocyte growth factor involved in the regeneration of the liver is promoted by factors produced by existing cells in the liver and inflammatory cells (Fausto et al., 2012) . Insulin-like growth factor 1 is a polypeptide produced by a variety of organs including hepatocytes, and functions to increase and differentiate various cells, such as skeletal muscle or the osseous tissue (Stewart and Rotwein, 1996) .
In conclusion, the small hepatocellular colony appeared as a regeneration-related change in the chicken liver after BDL. The chicken small hepatocytes had high cell proliferation activity and the histological, immunohistochemical, and ultrastructural characteristics of the mammalian small hepatocyte and similar progenitor cells. Moreover, a difference in the differentiation degree of the small hepatocytes was indicated.
